Abstract: Boron and carbon, either in elemental form or when combined, are structurally very different. They are indeed complementary, and the weaknesses of one can be complemented by the strengths of the other, and vice versa. The structural complementarity can be readily observed in the shape of [X n H n ] y-(X = C or B) compounds. One visualization of this complementarity can be found by comparing the most popular carbon and boron organometallic sandwich molecules, [Fe(C 5 H 5 ) 2 ] and [3,3'-Co(1,2-C 2 B 9 H 11 ) 2 ] -. Both obey the 18e -rule, and in both the metal is η 5 coordinated by two pentagonal faces. However, for [Fe(C 5 H 5 ) 2 ], the first ring of atoms outside the pentagonal face is coplanar with the coordinating face, whereas for [3,3'-Co(1,2-C 2 B 9 H 11 ) 2 ] -the substituents are out of the coordinating face featuring a canopy shading the metal. Taking advantage of this feature, [3,3'-Co(1,2-C 2 B 9 H 11 ) 2 ] -can be a well-performing molecular clutch electrochemically driven. When it is engaged, the beams of the upper [7,8-C 2 B 9 H 11 ] 2-ligand in [3,3'-Co(1,2-C 2 B 9 H 11 ) 2 ] -mesh the beams of the lower [7,8-C 2 B 9 H 11 ] 2-. This occurs when the molecular friction disk, the Co, is as Co 3+ . When Co 3+ is reduced to Co 2+ , its radius is elongated, and both sets of beams are unmeshed allowing for a more free rotation, or molecular clutch disengagement.
erations as we shall show here. It is certain that quasi flat surfaces for B 12 have been reasonably demonstrated [1] and that B 80 has been predicted [2] , but these are like small islands in an immense ocean.
The main practical difference between hydrocarbons (C x H y ) and boron hydrides (B z H w ) is that the first are naturally occurring, whereas the latter are artificial, and require energy to be made. This will always prevent the latter from competing in advantage to the first. However, boron hydrides can be valuable when their properties are not matched by apparently resembling organic molecules.
p-COMPLEXES
Most probably, cyclopentadienyl [C 5 H 5 ] -, Cp, is the more ubiquitous ligand in organometallic chemistry and ferrocene, see Fig. 1 , reported in 1951 [3] , the most derivatized organometallic framework [4] . Ferrocene is highly stable and undergoes many reactions characteristic of aromatic compounds, thus enabling the preparation of substituted derivatives. Ferrocene's ready reversibility at 0.64 V vs. SHE (standard hydrogen electrode) has paved its way to convert the molecule into one of the most widely utilized synthons in molecular materials in which an electrochemical response is sought. The geometrical main characteristic of ferrocene is the planarity of both cyclopentadienyl ligands, and the fact that they are parallel. As in any aromatic organic fragment, the C-H or C-R bonds in ferrocene beam out of the center of the aromatic fragment, therefore, substituents are largely coplanar with the aromatic ring. This facilitates rotation around the ferrocene axis, and the activation energy for rotation in ferrocene is low and similar to the one in ethane, 1-5 kcal mol -1 [5]; the same is true for the isoelectronic cobaltocinium.
In 1965, a large set of metallabisdicarbollides with general formulae [3,3'-M(1,2-C 2 B 9 H 11 ) 2 ] n-(M = Fe, Co, Ni, …) were reported [6] . Their shape can be viewed in Fig. 2E . In both ferrocene and metallabisdicarbollides, a feature to be highlighted is that the two pentagonal faces in each complex bind the metal in a η 5 manner. Besides, in the same way as ferrocene (Fe(II)) obeyed the 18e -rule, many of the metallabisdicarbollides did. Examples that obey the 18e -rule are [3,3'- one most studied [7] , although when redox applications have been sought, [3,3'-Ni(1,2-C 2 B 9 H 11 ) 2 ] -has been preferred [8] due to its more attractive redox potential for the couple Ni 4+ /Ni 3+ . Though famous and heavily investigated, ferrocene is nevertheless the only stable, metallocene sandwich of a first-row transition element; in contrast, carborane ligands form stable sandwiches with nearly all transition and lanthanide elements, as well as many main-group metals and metalloids [9] . Moreover, metallacarboranes in general can be reversibly oxidized and reduced to a far greater extent than can metallocenes. This enormously greater versatility of the metallacarboranes deserves greater acknowledgement than it generally receives.
THE NONPLANARITY OF THE COORDINATING LIGAND'S FACE SUBSTITUENTS
A remarkable feature hardly recognized, if at all, is the pentagonal disposition of the ligand's substituents in [C 5 H 5 ] -and [7,8-C 2 B 9 H 11 ] 2-, when they are η 5 coordinated to metal. In nonstrained ferrocene, these are coplanar with the ring (see Fig. 1 ), whereas in cobaltabisdicarbollide and any of the metallabisdicarbollides described before (see Fig. 5 ), the substituents are out of the coordinating plane featuring a canopy shading the metal. The off-plane angle has a value [10] near 50 ± 3º that contrasts with an angle near 0º in ferrocene derivatives. This off-plane angle, which is responsible for the shadowing canopy around the metal, is a consequence of the globular nature of the borane ligand that forces the substituents to beam out the borane framework from its center through the cluster frame element. In the case of ferrocene, the substituents also beam out of the cyclopentadienyl framework, but because this is a plane, the substituent also remains in the plane. Therefore, had everything else been alike, the substituents on the metal binding pentagonal face already put a degree of discrepancy between [ 
MOLECULAR CLUTCHES
Much has been discussed about molecular machines [11] , but little about clutches although some proposed molecular machines perhaps could be better interpreted as molecular clutches [8] . A mechanical clutch, in its simplest application, is a device that has two rotating shafts passing power from one to another. See Fig. 1 . The clutch connects the two shafts so that they may be locked together and spin at the same speed (engaged), locked together but spinning at different speeds (slipping), or unlocked and spinning at different speeds (disengaged). For the flywheel to motion the pressure plate, a friction clutch is required. When the clutch disk is worn, power from the flywheel is not transmitted to the pressure plate and the system that is in trouble, is equivalent to being disengaged. If there is no friction between the flywheel and the pressure plate, there is no transfer of motion from the driving to the driven member. The clutch task is to engage or disengage both shafts. How can this macroscopic behavior be converted into an equivalent one at the molecular level? As shown in Fig. 1 , the resemblance between the macroscopic clutch and the sandwich ferrocene is notorious. The two cyclopentadienyl rings are equivalent to the flywheel and pressure plate and the Fe parallels the friction clutch. However, despite the similar physical appearance between the clutch device and ferrocene, the latter could not perform, as such, the task it was expected to do: engaging or disengaging the upper and lower parts of the device when it was required. The ease of rotation through the [ (2) axis, given by the low activation energy for the rotation of the [C 5 H 5 ] -rings, along with the impossible engagement/disengagement process does not allow ferrocene to be a good molecular clutch. This problem can be mitigated by impairing the free rotation through the axis by incorporating heteroatoms in the rings. This will produce a kind of electron pinning after incorporating electronic inhomogeneities in the aromatic ring. A modification of ferrocene that did incorporate a more electronegative atom (e.g., N) would accumulate electron density at this site and produce a localized trans effect that would raise the rotation activation energy. Fig. 2B , however, none of them exists as such. Derivatives of the two, however, have been produced by blocking either all C positions with bulky groups or, alternatively, the two C positions nearest to N [12] . Probably, the existence of large substituents on the N-adjacent C atoms frustrates the σ donor capacity of N and the η 5 pyrrolyl ligand is stabilized. The electronic pinning of N in diazaferrocene cannot be measured experimentally as, in substituted diazaferrocenes, it is altered by steric interactions. The first stable pristine η 5 pyrrolyl complexes were reported in 1996 [13] . They needed to be mixed with a [7,8-C 2 B 9 H 11 ] 2-ligand. From this date, other examples were reported, all with the formulae [3-Co(NC 4 H 4 )(1-R 1 -2-R 2 -1,2-C 2 B 9 H 9 )] (R 1 = C 6 H 5 , C 4 H 9 , C 3 H 5 , CH 3 ; R 2 = H) [14] [15] [16] and (R 1 = R 2 = CH 3 ) [17] . The C,C' propyl connected [3-Co(NC 4 H 4 )(1-R-2-(CH 2 ) 3 -1,2-C 2 B 9 H 9 )] (R = CH 3 , C 6 H 5 ) was also produced [17] . In all of these, the substituents are only in the carborane moiety. The stability of these mixed η 5 - [7,8- (1-R-2-C 4 H 9 -1,2-C 2 B 9 H 9 )] and [3-Co(NC 4 H 4 )(1-R-2-C 3 H 5 -1,2-C 2 B 9 H 9 )] (R = CH 3 , C 6 H 5 ) [14, 18] . In both of them, a pristine pyrrole ligand has been generated from an N-substituted pyrrole. The 2-C 4 H 9 and 2-C 3 H 5 groups are produced from the cleavage of the spacer joining the pyrrolyl and carboranyl moieties in the original ligand. The [N(CH 3 ) 4 ] + ion is necessary to produce the 2-C 4 H 9 substituent [18] . The reaction is shown in Fig. 3 . These results show the strong stabilizing power of [7,8- is stronger than the engagement of the two disks in ferrocene. The introduction of a heteroatom in the η 5 ligand has increased the friction between the two disks. However, the engaging/disengaging task expected in a clutch is not fully achieved.
THE MOLECULAR CLUTCH
Five basic molecular structures will be addressed in which the central metal is common in all of them: cobaltocene, diazacobaltocene, mixed cyclopentadienyl/dicarbollide, and pyrrolyl/dicarbollide cobaltocene and cobaltabisdicarbollide complexes. The five frames are shown in Fig. 2 . The current discussion will concentrate on the staggered HؒؒؒH distance in these frameworks. This will be compared to the 2.40 Å that corresponds to the sum of two H Van der Waals (VdW) radii [20] . Staggered distances larger than the HؒؒؒH VdW radii will be taken as indicative of nonfriction between the outer molecular disks. In [Co(C 5 H 5 ) 2 ], Co 2+ , DCYPCO04 [21] , the HؒؒؒH staggered distance is 3.495 Å. This distance shortens to 3.28 Å, (ACEXEL) [22] or 3.24 Å, (BIJRUI) [23] [13] , in which the HؒؒؒH distance is 2.61 Å. The incorporation of [7,8-C 2 B 9 H 11 ] 2-has shortened the HؒؒؒH staggered distance to levels very close to 2.40 Å, however, with only the pristine two outer disk molecules indicated above, it would not be sufficient to induce sufficient friction to deter rotation through the centroid(1)/Co/centroid(2) axis. Remarkably, [7,8-C 2 B 9 H 11 ] 2-has drawn nearer the two H atoms from the two distinct outer disks. By this perspective, the cobaltabisdicarbollide shown in Fig. 2E with two [7,8- [26] , and CABZIQ [27] for B cluster -HؒؒؒH-B cluster , B cluster -HؒؒؒH-C cluster , or C cluster -HؒؒؒH-C cluster . Therefore, [7,8-C 2 B 9 H 11 ] 2-with Co 3+ provides a convenient clutch part to produce the molecular clutch sought. The HؒؒؒH distance shortening to a value very close to the HؒؒؒH VdW distance ensures a friction between the two constituent disks.
ENGAGING AND DISENGAGING
The process of engaging and disengaging can be activated by switching on and off the inner molecular clutch disk. In the molecular clutch, the central clutch disk is a redox active metal. As described earlier, the Co 3+ → Co 2+ reduction expands the original Co 3+ diameter by near 0.23 Å, an amount sufficient to overcome the HؒؒؒH VdW distance. This is possible if d, the distance between the eclipsed two H atoms, F. TEIXIDOR AND C. VIÑAS H 11 ] 2-is just sufficient to restrict rotation, however, upon reduction of the central atom from Co 3+ → Co 2+ , an elongation occurs producing a separation of the two [7,8- 2 ] -, as a first model of a molecular clutch that can be electro chemically driven and that can be a key component of molecular machines.
